Systematic computer alignment of mycoplasmal 16S rRNA sequences allowed the identification of variable regions with both genus-and species-specific sequences. Species-specific sequences of Mycoplasma collis were elucidated by asymmetric amplification and dideoxynucleotide sequencing of variable regions, using primers complementary to conserved regions of 16S rRNA. Primers selected for Mycoplasma pneumoniae, M. hominis9 M. fermentans, Ureaplasma urealyticum 9 M. pulmonis 9 M. arthritidis9 M. neurolyticum9 M. muris9 and M. collis proved to be species specific in the polymerase chain reaction. The genus-specific primers reacted with all mycoplasmal species investigated as well as with members of the genera Ureaplasma9 Spiroplasma9 and Acholeplasma. No cross-reaction was observed with members of the closely related genera Streptococcus9 Lactobacillus9 Bacillus9 and Clostridium or with any other microorganism tested. On the basis of the high copy number of rRNA, a highly sensitive polymerase chain reaction assay was developed in which the nucleic acid content equivalent to a single organism could be detected.
( i Ureaplasma, Spiroplasma, Acholeplasma, Anaeroplasma, and Asteroleplasma), which differ in genome size, morphol ogy, and requirements for specific nutrients (26, 32) .
In humans, mycoplasmas have been recognized either as pathogenic organisms or as commensals. The best known pathogen is Mycoplasma pneumoniae, which causes a pri mary atypical pneumonia. M. hominis and Ureaplasma urealyticum may cause a variety of genitourinary diseases (31) when they invade beyond the genital tract. Recent speculations that a new human mycoplasma, M. incognitus (in fact a new M. fermentans strain [28] ) plays a role in the induction of AIDS in human immunodeficiency virus-sero positive individuals (20, 21) is still disputed.
Mycoplasmal infections may cause various problems in laboratory rodent colonies and tissue cultures. Five myco plasmal species (M. pulmonis, M. arthritidis, M. neurolyticum, M. muris, and M. collis) have been isolated from rats and mice. These species may cause various disease manifes tations, but the infections often remain inapparent. These inapparent infections are insidious, since mycoplasmal in fections are known to affect physiological mechanisms and the immune system, thereby influencing the experimental results obtained with these contaminated animals (7) . Sev eral mycoplasmal species have been isolated from tissue cultures. Contamination with these organisms also influ ences the experimental results (1) and may cause economic setback.
Diagnosis of mycoplasmal infections is usually performed by serological determination or in vitro isolation of the * Corresponding author. organism (9) . However, serological procedures are often hampered by interspecies cross-reactions, while cultivation is time-consuming and hard to achieve for some fastidious mycoplasmas. Use of mycoplasma species-specific DNA probes made it possible to discriminate between different species, but although this method proved to be rapid and specific, the sensitivity was rather low since only 104 organ isms could be detected (12, 17) .
Although much attention has been focused on the im provement of these techniques, detection and diagnosis of mycoplasmal infections remains a serious problem. Recently the polymerase chain reaction (PCR) (27) has been applied for the detection of a variety of infectious agents, including M. pneumoniae (2) , M. incognitus (21) , U. urealyticum (3) , M. pulmonis (16) , M. genitalium (29) , and M. hyopneumoniae (15) . In addition, a mycoplasmal 16S rDNA PCR in which primers were selected to detect several, though not all, human mycoplasmal species has been reported (4) . On the basis of genomic target sequences, these research groups reported a sensitivity of between 4 and 100 organisms.
This report describes a PCR assay, based on the amplifi cation of mycoplasmal 16S rRNA sequences, which can identify mycoplasmas at both the genus and species levels. Mycoplasmal 16S rRNA sequences have been determined recently and provided the basis for a systematic phyloge netic analysis of these microorganisms (35) . Computer align ment studies of these rRNA sequences have revealed the existence of regions with highly conserved sequences and regions which display sequence variability at the genus and species levels, allowing the selection of genus-and speciesspecific primers for the PCR. Besides the unique sequence features, which have been extensively described by Gray et al. (13) , rRNA molecules form part of all ribosomes and can therefore be used as a PCR target independent of gene expression. Since rRNA is naturally present in high copy numbers (up to 10,000 molecules per cell [34] ), it provides a target for a highly sensitive PCR assay. We selected a mycoplasma genus-specific primer set and species-specific V o l . 58, 1992
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primers for the four human mycoplasmal species and the five rodent species mentioned above and examined the specific ity and sensitivity of these primers for the detection and identification of my coplasmas.
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MATERIALS AND METHODS
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Organisms and growth conditions. The following myco plasmal species (strains) were grown at 37°C in Difeo PPLO medium or Herderscheé medium (25) Nucleic acid extraction. Late-exponentional-phase cultures were centrifuged for 30 min at 10,000 x g. The pellet was suspended in STE buffer (10 mM NaCl, 20 mM Tris HCl [pH 8.0], 1 mM EDTA) and incubated for 2 h at 37°C with 1% sodium dodecyl sulfate (SDS) and 50 |xg of proteinase K (Promega) per ml. Nucleic acid was extracted three times with an equal volume of phenol saturated with TE (10 mM Tris HCl [pH 8.0], 1 mM EDTA), once with phenol-chloroform-isoamyl alcohol (25:24:1, vol/vol/vol), and once with chloroform-isoamyl alcohol (24:1). The nucleic acid was precipitated by the addition of 0.1 volume of 3 M sodium acetate (pH 5.2) and 2.5 volumes of 96% ethanol, washed, dried, and resuspended in distilled diethyl pyrocarbonatetreated water to which human placenta RNA inhibitor (RNasin; Promega) had been added to a concentration of 0.4 U/mL Reverse transcription and PCR. cDNA synthesis and am plification of rRNA were performed essentially as described by Cornelissen et al. (10) . Briefly, rRNA was transcribed in cDNA in 20 (xl of reaction mixture containing 75 mM KC1,50 mM Tris HCl (pH 8.3), 6 mM MgCl2, 10 mM dithiothreitol, 0.2 mM each deoxynucleoside triphosphate (dNTP) (Boehringer Mannheim), 50 pmol of reverse primer 2, and 4 U of avian myeloblastosis reverse transcriptase (Promega). After incubation at 37°C for 60 min, a PCR mixture containing 50 mM KC1, 10 mM Tris HCl (pH 8.9), 1.6 mM MgCl2, 0.2 mM each dNTP, 100 |xg of bovine serum albumin (BSA) per ml, 100 pmol of primer 1, 50 pmol of antisense primer 2, and 1 U of Taq DNA polymerase (Perkin Elmer Cetus) was added.
For the amplification of rDNA sequences, without prior transcription of the rRNA in cDNA, the PCR assay was performed in 100 |xl of reaction mixture containing 50 mM KC1, 10 mM Tris HC1 (pH 8.3), 2.5 mM MgCl2, 0.01% gelatin, 100 pmol of each primer, 0.2 mM each dNTP, and 1 U of Taq polymerase.
To prevent nonspecific annealing of the primers, the DNA was always added last, while the reaction mixture was kept at 94°C. The reaction mixtures were overlaid with 2 droplets of mineral oil to prevent evaporation. The thermal profile involved 40 cycles of denaturation at 94°C for 1 min, primer annealing at 55 or 60°C (as indicated in Results) for 1 min, and primer extention at 72°C for 2 min. To prevent contam ination, a strict spatial separation of the different technical steps involved in PCR was maintained, and the recommen dations of Kwok and Higuchi (18) were followed.
Oligonucleotides were synthesized on a DNA synthesizer (Applied Biosystems model 380A), using the methoxyphosphoramidite method.
Analysis of the amplified samples. Aliquots of amplified samples (20 |xl) were analyzed by electrophoresis on a 1.5% agarose gel and stained with ethidium bromide (22) . For Southern blotting, the agarose gel was depurinated in 0.25 N HC1, denatured in 0.5 N NaOH-1.5 M NaCl, and transferred to a nylon membrane (Hybond; Amersham International, Amersham, England) by diffusion blotting in 0.5 N NaOH-1.5 M NaCl. The DNA was covalently bound to the nylon membrane by baking at 80°C for 2 h. Hybridization was performed by standard techniques (22) . The membranes were prehybridized in 6 x SSC (lx SSC is 15 mM sodium citrate plus 150 mM sodium chloride)-5 x Denhardt solution (lx Denhardt solution is 0.02% polyvinylpyrrolidone, 0.02% Ficoll, and 0.02% BSA)-0.1% SDS-250 |xg of denaturated sonicated herring sperm DNA per ml at 42°C for 2 h. Hybridization was performed for 16 h at 42°C in 6x S SC -lx Denhardt solution-0.1% SDS-100 |xg of denaturated soni cated herring sperm DNA per ml plus 106 cpm of a 32P-5'-end-labeled oligonucleotide probe (see below) per ml of hybridization mix. The blots were washed two times for 30 2608 v a n KUPPEVELD ET AL.
M y coplasm a p n e u m o n ia e AAU CAA AGU UGA AAG G-A CCU -
U r e a p la s m a u r e a l y t i c u m M. f e r m e n t a n s min at 42°C in 2x SSC-0.1% SDS and once in 0.5x SSC-0.1% SDS for 30 min at 55°C. The blots were autora diographed for 4 h on Kodak Royal X-Omat films between intensifying screens (Dupont) at -80°C.
The oligonucleotide probes were labeled in 20 |xl of 50 mM Tris HC1 (pH 8.2), 10 mM MgCl2-5 mM dithiothreitol-0.1 mM EDTA-0.1 mM spermidine with 20 pmol of a synthetic oligonucleotide, 30 |xCi of [7-32P] ATP (Amersham Interna tional), and 1 U of T4 polynucleotide kinase (Boehringer Mannheim) by incubation for 30 min at 37°C. The oligonu cleotides were precipitated by the addition of 100 jjlI of 7.5 M ammonium acetate (pH 5.5) and 400 |xl of 96% ethanol, dried, and suspended in TE.
Asymmetric amplification and dideoxynucleotide sequence analysis of the V2 and V3 regions. A modification of the PCR, with primers present in different molar ratios, has been described for generating single-stranded DNA, which can serve as a template for DNA sequencing analysis (14) . This asymmetric PCR procedure was performed with DNA from M. collis and primers Mseq-1 and Mseq-3 ( Fig. 1) , which are complementary to 16S rRNA conserved sequences, present in molar amounts of 50 and 0.5 pmol, respectively. In this way, single-stranded DNA which contained both the V2 and V3 regions was produced. Residual primers and dNTPs from the PCR mixture were removed by selective ethanol precip itation. Therefore, 100 |xl of 4 M ammonium acetate and 200 ixl of isopropanol were added to 100 |xl of the PCR mixture. After incubation for 45 min at -80°C, the DNA was precip itated, washed, dried, and redissolved in 10 |xl of TE buffer.
For nucleotide sequence analysis of the V2 and V3 re gions, 3 |jl1 of this sample was used, as well as 10 pmol of primers Mseq-2 or Mseq-3 ( Fig. 1 
RESULTS
Sequence data. The mycoplasmal 16S rRNA sequences (35) , as well as the 16S rRNA sequences of other microor ganisms (24) , were obtained from GenBank and the EMBL nucleotide sequence data library. Alignment studies were performed by using the sequence analysis software package from the Genetics Computer Group at the University of Wisconsin (11) . Figure 1 shows a schematic illustration of the physical map of the 16S rRNA molecule along with the variable regions, which are 20 to 80 nucleotides in length, in which species-specific sequences can be identified. Also shown are the locations and sequences of the oligonucleo tides used in this study. Oligonucleotides Mseq-1, Mseq-2, and Mseq-3 were used for sequence analysis of the M. collis V2 and V3 regions. The general prokaryotic oligonucleotides GPO-1 and GPO-2, which are complementary to 16S rRNA conserved sequences, as well as oligonucleotide UUSO were used as probes. Oligonucleotide MGSO was used together with GPO-1 as the mycoplasma genus-specific primer set.
Selection of species-specific primers. A high extent of interspecies sequence variability was present in regions V2, 2610 VAN Fig. 2 and 3 . The alignment studies revealed small but consistent se quence differences among the species investigated. Unique primer sequences were selected for M. pneumoniae, M. hominis, M. fermentans, M. pulmonis, M. arthritidis, M. neurolyticum, M. muris, and M. collis. Species-specific primer sequences for U. urealyticum were selected from the V5 and V7 regions (alignment data not shown). Sequences of the selected species-specific primers are shown in Table 1 .
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Selection of a mycoplasma genus-specific primer set. Only one region, nucleotides 1029 to 1055 according to the IUB numbering for E. coli (6) , could be characterized as poten tially genus specific for the mycoplasmas. The alignment of this region with rRNA sequences of several microorganisms, chloroplasts, and eukaryotes displayed multiple mismatches in the 5' part of this region, which corresponds to the 3' end of the complementary mycoplasma genus-specific oligonu cleotide MGSO (Fig. 1) . Alignment data for several micro organisms, including members of the closely related genera Streptococcus, Lactobacillus, Bacillus, Clostridium, and Erysipelothrix, are shown in Fig. 4 . The alignment data demonstrated that Streptococcus pleomorphus and Eubacterium biforme were the only nonmollicutes species which displayed a significant homology with the mycoplasma ge nus-specific sequence. Figure 5 shows the sequence alignment data for several mollicutes species with the mycoplasma genus-specific re gion. As can be seen, the sequence of this region is not absolutely conserved for all mycoplasmal species. Although most of the mycoplasmal species display variability of only one or two nucleotides, some species display four to six mismatches. However, this sequence variability is quite dispersed and not concentrated in the 3' part of the primer. This feature is important, since mismatches at the 3' end of the primer strongly reduce amplification, while internal mismatches are of much less importance (19) . Figure 5 also demonstrates that the genus-specific region is not entirely unique for the genus Mycoplasma, since members of the genera Ureaplasma, Spiroplasma, and Acholeplasma as well as mycoplasmalike organisms also display significant homology with this region. Because only one mycoplasmaspecific region could be identified, oligonucleotide GPO-1 ( Fig. 1 ) was used as the 5' primer in the genus-specific primer set.
Specificity of the species-specific primers. To investigate the specificity of the species-specific primers, the selected prim ers were tested with all known human and rodent mycoplas mal species and with some other mollicutes species. At an annealing temperature of 55°C, use of the primer sets specific for M. hominis, M. fermentans, M. urealyticum, M. pulmo nis, M. neurolyticum, M. muris, and M. collis resulted in an amplified product with the nucleic acid of the corresponding species but not with that of any other species investigated. These results were confirmed by hybridization with the oligonucleotide probe GPO-1 or with the U. urealyticumspecific oligonucleotide UUSO (Fig. 1) . As an example, the results for the M. pulmonis-specific primers are shown in Fig. 6 . At this annealing temperature, two cross-reactions were observed; the M. pneumoniae-specific primers gener ated an amplification product with M. genitalium, while the primers for M, arthritidis displayed a cross-reaction with M. arginini (data not shown). However, by increasing the annealing temperature to 60°C, the cross-reactions of both the M. pneumoniae-specific primers and the M. arthritidisspecific primers could be avoided.
In addition, we have demonstrated that the primers spe cific for M. pneumoniae, M. hominis, M. pulmonis, and U. urealyticum reacted with the same specificity with several strains and clinical isolates (see Materials and Methods) belonging to the corresponding species.
Specificity of the mycoplasma genus-specific primer set. The specificity of the mycoplasma genus-specific primer set, which consists of oligonucleotides MGSO and GPO-1, was investigated with several mycoplasmal species, each repre senting a subgroup according to its phylogenetic classifica tion ( Fig. 2 and 3) , some other mollicutes species, and closely related walled prokaryotes (Fig. 7) . At an annealing temperature of 55°C, the primer set generated a specific amplification product with all mycoplasmal species tested and also with the other mollicutes species tested (U. ure alyticum, Spiroplasma citri,A. laidlawii, and A. modicum), which agrees with the sequence alignment data in Fig. 5 . Hybridization with oligonucleotide probe GPO-2 ( Fig. 1) V o l . 58, 1992
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Mycoplasma genus specific sequence: 5'-GAG GUU AAC AGA GUG ACA GAU GGU GCA-31 confirmed that this primer set did not generate the 715-bp fragment with any of the walled relatives.
Moreover, no amplification product was observed when the primer set was tested with the broad spectrum of microorganisms listed in Materials and Methods or with the nucleic acid of rats or humans (data not shown).
Sensitivity of the PCR assay. Both M pneumoniae chro mosomal DNA and undegraded rRNA were isolated in the same sample (data not shown). The amplification of both rDNA and reverse-transcribed rRNA from the same sample facilitated a direct comparison of sensitivity. Therefore, serial 10-fold dilutions of the purified M. pneumoniae nucleic acids were tested in the PCR. Without prior transcription of the rRNA, a sensitivity of 1 pg of nucleic acid, as detected by gel electrophoresis, was obtained (Fig. 8A) . Southern blot analysis with oligonucleotide GPO-1 increased the sensitiv ity approximately 10-fold (Fig. 8B) . However, when the rRNA was first transcribed by reverse transcriptase into cDNA, 1 fg of nucleic acid was sufficient to yield a visible fragment on the agarose gel (Fig. 8C) .
Given the size of the M. pneumoniae genome (4.8 x 108 Da) and the size and copy number of rRNA, 1 fg of nucleic acid corresponds to approximately the nucleic acid content of one organism. Using an rRNA-based PCR assay, it is thus possible to detect the nucleic acid content equivalent to a single mycoplasma by agarose gel electrophoresis (in fact, the sensitivity is higher by a factor of 10 with Southern blot analysis). The 1,000-fold increase in sensitivity with use of rRNA as target in the PCR was also observed when serial dilutions of an M. pneumoniae suspension with a known CFU number were tested in the PCR; 1,000 and 1 CFU could be detected by agarose gel electrophoresis by using rDNA and rRNA, respectively, as targets (data not shown).
DISCUSSION
The results presented in this report indicate that the small interspecies sequence differences in the mycoplasmal 16S rRNA V2, V3, V5, and V7 regions (24) allow the selection of highly specific oligonucleotides at the species level. Because no M. collis 16S rRNA sequences were known, we have elucidated sequences of variable regions V2 and V3 by dideoxynucleotide sequencing of asymmetric amplified DNA (14) . With this procedure, it is possible to determine the sequences of the variable regions, thereby allowing the selection of species-specific oligonucleotides, for any myco plasmal species of interest. Since the 16S rRNA sequences provided the basis for a phylogenetic analysis of the myco plasmas, it is also possible to classify M. collis according to the V2 and V3 region sequences. Because M. collis appears to be most closely related to M. neurolyticum, we suggest that this species should be classified as a member of the hominis group.
In this report, the suitability of the variable 16S rRNA regions for the selection of mycoplasma species-specific primers has been experimentally demonstrated for four human mycoplasmal species, for M. pneumoniae, M. hom inis, M. fermentans, U. urealyticum, and five murine myco plasmas, and for M. pulmonis, M. arthritidis, M. neurolyti cum, M. muris, and M. collis. At an annealing temperature of 55°C, all selected species-specific primers except those for M. pneumoniae and M. arthritidis proved to be highly 2612 v a n KUPPEVELD ET AL. specific. The M. pneumoniae primers generated a positive signal with M. genitalium, while the M. arthritidis primers cross-reacted with M. arginini. However, by increasing the annealing temperature to 60°C, both cross-reactions could be avoided. The observed cross-reactions at 55°C were not surprising. A comparison of the V2 and V3 region sequences of M. arthritidis and M. arginini shows only few differences. Phylogenetic studies based on the alignment of the complete 16S rRNA sequences also indicated that M. arthritidis is most closely related to M. arginini (35) . Although the 16S rRNA sequence of M. genitalium is unknown, the cross reactivity of this species with the M. pneumoniae primers is not surprising, since serological techniques also display difficulties in differentiating M. pneumoniae from M. geni talium (30) , thereby suggesting a close relationship. The need for a diagnostic technique to differentiate M. pneumo niae from M. genitalium in order to investigate the exact role of M. genitalium in the respiratory tract has recently been stated by Tully and Baseman (33) . Species-specific primers for M. genitalium can be selected by the procedure de scribed in this report for the selection of M. collis-specific primers. A mycoplasma genus-specific sequence could be identified between the V6 and V7 conserved 16S rRNA regions. Combining the primer MGSO selected from this region with the general prokaryotic oligonucleotide GPO-1 revealed am plification of a 715-bp fragment with every mycoplasmal species investigated. However, this primer set was not exclusively mycoplasma genus specific, since it also reacted with mollicutes species belonging to the genera Ureaplasma, Spiroplasma, and Acholeplasma. On the basis of the 16S rRNA alignment data in Fig. 5 , reactions with all mycoplas mal species and also with mycoplasmalike organisms, intra cellular mycoplasmas which cannot be cultured and for which taxonomy is consequently uncertain (23), may be expected. Surprisingly, the sequence alignment data in Fig.  5 also demonstrated a significant homology of S. pleomorphus and Eubacterium biforme with the mycoplasma genusspecific sequence. The homology with S. pleomorphus is especially remarkable since 20 other available sequences of Streptococcus species displayed the same dishomology (data not shown) as shown in Fig. 4 for S. mutans and S. pneumoniae. Because of the expected cross-reactivity with Eubacterium biforme (the only Eubacterium species from which 16S rRNA sequences are known), we tested two available Eubacterium species. However, no cross-reaction with these two species could be observed. Most importantly, however, no cross-reactions were observed with closely related walled prokaryotes or any other of the microorgan isms tested.
On the basis of the observed and expected reactivity of the genus-specific primer set, several future applications can be suggested: (i) primary screening for the detection of myco plasmal species or U. urealyticum in clinical specimens, followed by an accurate identification with species-specific primers; (ii) detection of spiroplasmas in plants and insects (on the basis of the spiroplasmal 16S rRNA sequence align ment data [not shown] a reaction of this primer set with all spiroplasmal species and groups may be expected); and (iii) testing of cell cultures for contamination by mycoplasmas or A. laidlawii (which is also known to be one of the major cell culture contaminants) (1) . Whether this primer set is also suitable for the detection of mycoplasmalike organisms remains to be established, since only one 16S rRNA se quence from these nonculturable organisms was available. The suitability of this primer set for these suggested appli cations must, however, be thoroughly investigated.
Our aim was to develop a PCR procedure which is superior to the traditional mycoplasmal culture and serolog ical techniques for the detection of mycoplasmal infections. The unique sequence features of 16S rRNA allow the selec tion of highly specific primers, as recently shown for Myco bacterium (5) and Chlamydia (8) species. We have devel oped a highly specific and sensitive mycoplasma PCR assay, based on the amplification of 16S rRNA sequences, that detects and identifies mycoplasmas at both the genus and species levels. By using the high copy number of rRNA (104 copies per cell), the nucleic acid content of a single organism could be detected.
Although the results presented in this report for the detection and identification of mycoplasmas are very en couraging with respect to specificity and sensitivity, the suitability of this rRNA PCR for the diagnosis of mycoplas mal infections remains to be established. Therefore, we are currently investigating the applicability of this PCR assay as a useful tool for the detection and identification of mycoplas mas in clinical human samples, in infected laboratory ro dents, and in contaminated cell lines.
